Background: Studies evaluating the association between abdominal obesity and asthma yielded conflict results. Whether abdominal obesity is positively associated with asthma remains unclear.
Background
As one of the most common chronic respiratory diseases, asthma affects about 358 million people worldwide [1] . It is projected that by 2025, this number will increase to 400 million [2] . As a major cause of disability, absenteeism, and huge medical expenses, asthma places a substantial burden on the whole society [3, 4] . The total annual cost of asthma, including the direct medical cost of asthma (such as hospitalization and pharmacological treatment) and the indirect nonmedical cost of asthma (such as missed workdays and school days), is estimated to be EUR 19.3 billion in Europe [5] and $81.9 billion in the United States [6] . Asthma has become a major public health concern worldwide. Obesity, as is known to all, is also a worldwide public health problem. In 2015, approximately 107.7 million children and 603.7 million adults worldwide were obese, accounting for about 30% of the world's population [7] .
Page 2 of 11 Jiang et al. Allergy Asthma Clin Immunol (2019) 15:16 A recent study that analyzed data from 195 countries around the world found that the prevalence of obesity has doubled in more than 70 countries over the past 25 years [7] . The increasing prevalence of obesity in recent years has made obesity-related health risks a global concern. Obesity has been generally recognized as an important risk factor for many chronic diseases such as cardiovascular disease, type 2 diabetes and cancer [8, 9] . A total of 4 million deaths and 120 million disabilityadjusted life-years worldwide were estimated to be related to excess body weight in 2015 [7] . A growing number of studies have showed a significant association between obesity and asthma [10] [11] [12] [13] . Moreover, this association has been further confirmed in several meta-analyses [14] [15] [16] [17] . However, the "obesity" discussed in these studies, strictly speaking, refers to "general obesity", which is typically measured by body mass index (BMI) [10] . As a crude measure of obesity, BMI can not discriminate between muscle mass and body fat, nor can it reflect body fat distribution [18] . Recently, however, more and more attention has been paid to body fat distribution, more precisely, to abdominal obesity. Abdominal obesity is a condition of having excess fat in the abdomen. There is growing evidence that abdominal obesity may be a key contributor to obesity-related health risks [19, 20] . Measures of abdominal obesity, such as waist circumference (WC), waist to height ratio (WHtR), waist hip ratio (WHR), and conicity index (CI), have been found to be better predictors of some obesityrelated diseases such as cardiovascular disease and type 2 diabetes, compared to BMI [20] [21] [22] . Whether abdominal obesity also plays a more important role in asthma is worth exploring.
In spite of this, studies on the association between abdominal obesity and asthma are lacking. The findings of the existing studies are inconsistent. A case-control study [23] demonstrated that a 10 cm increase in WC was related with a 40% increase in the odds of developing asthma. Another study [13] showed that even among normal weight women (measured by BMI), if they had a WC of more than 88 cm, the risk of asthma would still be higher (OR = 1.37, 95% CI 1.18-1.59). But a study from Brazil [24] did not find a significant association between abdominal obesity and asthma (OR = 0.93, 95% CI 0.74-1.16). Moreover, when this association is considered separately in males and females, the results of previous studies are also controversial. Some studies [10] observed that this association was similar in males and females, some [12, [25] [26] [27] found that this association existed only in females or was stronger in females than in males, while others [28, 29] obtained exactly the opposite results. Few meta-analyses have been conducted to explore the association between abdominal obesity and asthma. Therefore, we conducted this meta-analysis to quantitatively determine the association between abdominal obesity and asthma. Different from previous meta-analyses published in this field [14] [15] [16] [17] , our metaanalysis focused on abdominal obesity (measured by WC, WHtR, WHR, or CI) rather than general obesity (measured by BMI). Moreover, sex-specific association was also explored in this meta-analysis.
Methods

Literature selection
Databases including PubMed, Web of Science, China National Knowledge Infrastructure, China Biology Medicine disc, Chinese Scientific and Technological Journal Database and Wanfang Data were searched up to February 2018 to collect all relevant studies by two researchers independently. The search strategy was as follows: ("abdominal obesity" OR "central obesity" OR "visceral obesity" OR "abdominal adiposity" OR "central adiposity" OR "visceral adiposity" OR "waist circumference" OR "waist size" OR "waist hip ratio" OR "waist to hip ratio" OR "waist to height ratio" OR "conicity index") AND ("asthma" OR "bronchial asthma"). In addition, reference lists of related original and review articles were also checked to find additional studies that may meet the eligibility criteria.
Eligibility criteria
Eligible studies had to meet the following criteria: (1) were original epidemiological studies (of any design); (2) related to the association between abdominal obesity and asthma; (3) clearly stated the definition and measurement of abdominal obesity; (4) reported odds ratios (OR) or risk ratios (RR) and their 95% confidence intervals (CI), or provided sufficient data from which these measures could be calculated; (5) published in English or Chinese. Studies were excluded if they: (1) were animal studies; (2) were editorials, comments, or literature reviews; (3) reported overlapped data; (4) contained incomplete data which was still unavailable after contact with the author.
The titles and abstracts of the retrieved studies were screened according to the above criteria by two researchers independently. The full texts of the potentially relevant studies were then obtained and strictly assessed. Disagreements were resolved by discussion with a third researcher.
Data extraction and synthesis
Data extraction was conducted by two researchers separately. Discrepancies were resolved by discussion with a third researcher. The following data were extracted from each eligible study: first author, country, year of publication, year of study, study design, study population, sample size, definition of abdominal obesity, anthropometric measures of abdominal obesity, adjusted OR or RR and their corresponding 95% CI, and confounders that were controlled in the study. If no effect estimate was provided in a given study, OR or RR and 95% CI were calculated from the raw data presented in the study. The authors were contacted for further information when necessary.
Quality assessment
For cohort studies and case-control studies, the quality were assessed by the Newcastle-Ottawa Scale (NOS). The NOS evaluates a study based on three major aspects: the selection of the study groups, the comparability of the groups, and the ascertainment of the exposure or outcome of interest [30] . For crosssectional studies, the Agency for Healthcare Research and Quality (AHRQ) recommended criteria [31] was used to evaluate the quality. The criteria consists of 11 items, each of which has an answer of either "yes", "no", or "unclear". Quality assessment was performed by two researchers independently. Disagreements were resolved by discussion with a third researcher.
Statistical analysis
Where the identification of abdominal obesity adopted consistent anthropometric measures across studies and the final results were presented in a similar fashion, meta-analysis was performed to calculate the pooled OR and associated 95% CI. Moreover, sex-specific association was further explored in this meta-analysis. When a study reported data for males and females separately, a fixed effect model was used to calculate the pooled OR, which was then used as the measure for the overall population of the study. The I 2 statistic was used to test for the heterogeneity across studies. If no evidence of heterogeneity was presented (I 2 < 50%), a fixed effect model was used. Otherwise, a random effect model was adopted. Sensitivity analysis was conducted by excluding one study at a time to determine whether the results of this meta-analysis were robust. Subgroup analyses based on study design and age groups of participants were further performed. Publication bias was assessed when there were no fewer than 10 studies, via Begg's rank correlation and Egger's linear regression methods. Probability value P < 0.05 was considered statistically significant. All statistical analyses were performed using STATA software (version 14.0; Stata Corporation, College Station, Texas, USA).
Results
Literature selection
A total of 114 studies were identified, of which 103 studies were identified through database searching, 11 studies were identified by reference lists checking. After removal of duplicates, the titles and abstracts of the remaining 92 studies were screened for eligibility. The full texts of the 23 potentially related studies were then strictly assessed. Finally, 13 studies were included in the meta-analysis (Fig. 1) .
Study characteristics and quality evaluation
All 13 studies included in the final meta-analysis were published in English. Of these, 2 [23, 32] were casecontrol studies, 6 [12, 28, 29, [33] [34] [35] were cohort studies, 5 [10, 11, [25] [26] [27] were cross-sectional studies. A total of 100,137 subjects were involved in this meta-analysis, ranging in age from 5 to 75 years. All included studies adopted self-reported asthma except for 3 studies [23, 29, 32] . Among the anthropometric measures of abdominal obesity, WC was the most commonly used one. All 13 studies adopted WC as the measure or one of the measures of abdominal obesity, while only 3 studies [23, 32, 34] [12, [25] [26] [27] reported the results for males and females separately, 3 studies [10, 28, 29] reported both the results for overall population and the results for males and females. The main characteristics of the included studies are showed in Table 1 . The quality of the 6 cohort studies and the 2 casecontrol studies were assessed by the NOS. Three studies [23, 32, 34] got a score of 6, three studies [28, 29, 33] got a score of 7, two studies [12, 35] got a score of 9, indicating that both the cohort studies and the case control studies owned fairly high quality. For the 5 crosssectional studies, two items (item 4 and 11) in the AHRQ recommended criteria were not suitable. For item 1, 2, 8, as well as item 10, all answers were "yes". For item 3, all answers were "yes" except for one study [25] . For item 5, all answers were "no". The detailed assessment of the 5 cross-sectional studies are presented in Table 2 .
Association between abdominal obesity and asthma
Only data of WC were analyzed in this meta-analysis, since measures other than WC were rarely used in the 13 included studies. Our meta-analysis observed a positive association between abdominal obesity and asthma (P < 0.001, OR = 1.47, 95% CI 1.35-1.59; Fig. 2 ). No evidence of heterogeneity (I 2 = 10.7%) or publication bias (Begg's test P = 0.200, Egger's test P = 0.146) was found. After sequentially excluding each included study in sensitivity analysis, the results remained largely unchanged, indicating that the meta-analysis was stable.
Considering that the 13 studies had different types of study design and focused on different age groups of participants, we conducted subgroup analyses to further evaluate the association between abdominal obesity and asthma. Subgroup analysis by study design obtained consistently positive results among the three subgroups (Case-control study: OR = 1.69, 95% CI 1.02-2.81, Cohort study: OR = 1.52, 95% CI 1.34-1.72, Crosssectional study: OR = 1.42, 95% CI 1.27-1.58, Fig. 3) . Similarly, subgroup analysis by age groups of participants Fig. 4) .
It is noted that 2 [12, 33] of the 13 included studies reported the association between abdominal obesity and asthma after additional adjustment for BMI. However, meta-analysis was not pursued owing to the small number of studies and the considerable heterogeneity (I 2 = 81.4%). Of the 2 studies, one study [33] was conducted based on a large elderly cohort, showing that abdominal obesity was independently and strongly related to incident asthma (OR = 3.84, 95% CI 1.55-9.49). Another study [12] reported results separately for adult males and females, showing that abdominal obesity remained a risk factor for incident asthma in females after adjusting the effect of BMI (Females: OR = 1.46, 95% CI 1.04-2.05; Males: OR = 0.88, 95% CI 0.53-1.47).
Sex-specific association between abdominal obesity and asthma
A total of 7 studies reported data separately for males and females. Therefore, the sex-specific association between abdominal obesity and asthma was further explored in this meta-analysis.
For females, as showed in Fig. 5 , the pooled OR and 95% CI was 1.39 (1.22, 1.58), P < 0.001. No evidence of heterogeneity was observed in this meta-analysis Table 2 Quality assessment of the 5 cross-sectional studies according to AHRQ recommended criteria [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] represents the 11 items of the AHRQ recommended criteria "√" means "yes", "×" means "no", "?" means "unclear", "-" means "not suitable "   Studies  1  2  3  4  5  6  7  8  9  10 11 (I 2 = 0.0%). No significant change was found in sensitivity analysis. For males, similar results were observed (OR = 1.37, 95% CI 1.18-1.58, P < 0.001; Fig. 6 ). No significant change was found in sensitivity analysis, either.
Fig. 2 Association between abdominal obesity and asthma
Association between abdominal overweight and asthma
Notably, of the 13 included studies, 8 studies [10-12, 25, 26, 28, 29, 33] also reported the association between abdominal overweight and asthma. Therefore, this association was further explored in our meta-analysis. The results of our meta-analysis showed that the association between abdominal overweight and asthma (OR = 1.13, 95% CI 1.03-1.24, P = 0.014, Fig. 7 ) was weaker than the association between abdominal obesity and asthma, indicating that there is a dose-response effect in the relationship between abdominal weight status and asthma.
In addition, since the search strategy of our metaanalysis was not targeted at abdominal overweight, we did a further literature search on abdominal overweight and asthma to determine whether there were any missing studies in the above meta-analysis. Finally, no additional eligible study was found, which suggests that our results are credible.
Discussion
Unlike previous meta-analyses published in this field, which focused on the association between general obesity (measured by BMI) and asthma [14] [15] [16] [17] , our meta-analysis focused on the association between abdominal obesity (measured by WC) and asthma. The findings of our meta-analysis show that there is a positive association between abdominal obesity and asthma (OR = 1.47, 95% CI 1.35-1.59). Moreover, this association is similar in males (OR = 1.37, 95% CI 1.18-1.58) and females (OR = 1.39, 95% CI 1.22-1.58). Although inadequately reported, the association between abdominal obesity and asthma may be independent of BMI. In addition, this meta-analysis also suggests that there is a dose-response relationship between abdominal weight status and asthma. Therefore, on the basis of our findings, addressing abdominal obesity issue is of great importance. There is growing evidence showing that in addition to the increased risk of developing asthma, abdominal obesity is also associated with lower lung function, more severe asthma symptoms, as well as more poorly controlled asthma [13, 32, 36, 37] . Notably, studies on weight loss interventions among obese asthmatic patients consistently showed a significant improvement in asthma symptoms as well as asthma control after weight loss [38] [39] [40] [41] . Therefore, in the light of these evidence, efforts should be made to normalize body fat distribution among people who are abdominally obese, in order to reduce the risk of asthma as well as to improve the prognosis of asthma.
Although the clear mechanism underlying the association between abdominal obesity and asthma remains largely unknown, hypotheses can be suggested. On the one hand, the accumulation of abdominal adipose tissue mechanically restricts the diaphragm and limits lung expansion, resulting in reduced functional residual capacity and tidal volume, which further leads to the conversion of airway smooth muscle from rapidly cycling actin-myosin cross bridges to slowly cycling latch bridges [42] [43] [44] . The resultant latch state may further lead to persistent airway obstruction and increased airway responsiveness [42, 45] . On the other hand, adipose tissue, particularly visceral adipose tissue, is closely related to the secretion of pro-inflammatory mediators, such as leptin, adiponectin, interleukin-6, and tumor necrosis factor α, which may directly affect the airway or bring about changes in immune responses [19, 33, 35, 46] . Moreover, considerable overlap in the genetic determinants of asthma and obesity has been observed in genetic epidemiological studies [42, 45, 47, 48] . For example, genes encoding for the β 2 adrenergic receptor and tumour necrosis factor ɑ have been found to be strongly associated with both obesity and asthma [42, 45] . Some obesity candidate genes, such as genes encoding for the glucocorticoid receptor and insulin-like growth factor 1, have been found to be clustered in chromosomal regions associated with asthma [42, 45] . Besides, some obesity candidate genes can encode protein products that may directly affect asthma, such as the cytokines mentioned above [44] . In addition, some comorbidities of obesity, such as insulin-resistance, gastroesophageal reflux disease, and obstructive sleep apnea, may also have an effect on asthma [33, 44] .
There are some limitations in this meta-analysis. First, due to the lack of study on the association between abdominal obesity and asthma, we included all available relevant original epidemiological studies (of any design) in this meta-analysis. As a result, three types of study, cross-sectional study, cohort study, as well as case-control study, were included in our meta-analysis. However, different types of study may reflect different indexes of asthma. For example, of the studies included in our meta-analysis, 5 cross-sectional studies reflected the association between abdominal obesity and the current prevalence of asthma, while the 6 cohort studies reported the association between abdominal obesity and the incidence of asthma. Therefore, the results of our meta-analysis cannot be simply interpreted as abdominal obesity is associated with the prevalence or with the incidence of asthma. It may be more appropriate to consider our results as the association between abdominal obesity and the overall risk of asthma. However, according to our subgroup analysis by study design, all three subgroups obtained statistically significant results, indicating that abdominal obesity may be associated with both the prevalence and the incidence of asthma. More studies are needed in the future to clarify the association between abdominal obesity and asthma.
Second, although our meta-analysis focused on the association between abdominal obesity (measured by WC) and asthma, the results of our meta-analysis were similar to those of previous meta-analyses that focused on general obesity (measured by BMI). Therefore, whether abdominal obesity add further information to the currently recognized relationship between general obesity and asthma is in doubt. However, based on the current evidence, we cannot resolve this doubt in this meta-analysis. But among the 13 included studies, 2 studies [12, 33] reported the results after additional adjustment for BMI. They found that the association between abdominal obesity and asthma remained significant after adjustment for BMI, indicating that abdominal obesity may be independently associated with asthma. The small number of studies and the considerable heterogeneity precluded further metaanalysis. More studies are needed in the future to determine whether the association between abdominal obesity and asthma is independent of BMI.
Third, in the majority of the included studies (10 of 13 studies), the definition of asthma was based on self-report, which was subject to reporting bias and misclassification. However, self-reported asthma is widely used in epidemiological studies and has been evaluated as a reliable and valid measure for asthma [49] [50] [51] . Moreover, to reduce the potential risk of bias and misclassification caused by self-reported asthma, several studies [11, 12, 33, 35] further conducted sensitivity analysis using a more stringent definition of asthma and found that the results were almost unchanged.
Fourth, only data of WC were adopted in our metaanalysis as there were few studies have provided data on other abdominal obesity measures. However, using multiple measures of abdominal obesity to comprehensively evaluate the association between abdominal obesity and asthma is also desirable. Therefore, future studies can use other measures of abdominal obesity to better explore this relationship. Despite the limitations mentioned above, there are also some strengths in this meta-analysis. First, different from previous meta-analyses that focused on the association between general obesity (measured by BMI) and asthma [14] [15] [16] [17] , our meta-analysis focused on the association between abdominal obesity (measured by WC) and asthma. Sex-specific association was further explored in this meta-analysis. Second, the association between abdominal overweight and asthma was also explored. A dose-response relationship between abdominal weight status and asthma was further observed in this meta-analysis. Third, subgroup analyses based on study design and age groups of participants were further conducted and consistently positive results across subgroups were observed, which provided further support for the positive association between abdominal obesity and asthma. Fourth, all 13 studies included in our meta-analysis owned fairly high quality. Fifth, most of the studies included in this meta-analysis had large sample sizes, which may allow a much greater possibility of drawing correct conclusions. Finally, all included studies measured WC objectively by trained researchers, which avoided the impact of reporting bias.
Conclusions
This meta-analysis shows a positive association between abdominal obesity and asthma. Moreover, this association is similar in males and females. In addition, this meta-analysis suggests that there is a doseresponse relationship between abdominal weight status and asthma. Therefore, addressing abdominal obesity issue is of great importance. More studies are needed in the future to clarify the association between abdominal obesity and asthma. Studies adopting other measures of abdominal obesity are also desirable.
